Sensitivity of the backscatter intensity of ALOS/PALSAR to the above-ground biomass and other biophysical parameters of boreal forest in Alaska  by Suzuki, Rikie et al.
Available online at www.sciencedirect.comPolar Science 7 (2013) 100e112
http://ees.elsevier.com/polar/Sensitivity of the backscatter intensity of ALOS/PALSAR to the
above-ground biomass and other biophysical parameters of boreal
forest in Alaska
Rikie Suzuki a,*, Yongwon Kim b, Reiichiro Ishii a
aResearch Institute for Global Change, Japan Agency for Marine-Earth Science and Technology, 3173-25 Showamachi, Kanazawa-ku, Yokohama,
Kanagawa 236-0001, Japan
b International Arctic Research Center, University of Alaska Fairbanks, 930 Koyukuk Drive, P.O. Box 757340, Fairbanks, AK 99775-7340, USA
Received 30 July 2012; revised 27 February 2013; accepted 1 March 2013
Available online 15 March 2013AbstractWe investigated the potential of ALOS/PALSAR for estimating the above-ground biomass (AGB) and other biophysical pa-
rameters (tree height, diameter at breast height (DBH), and tree stand density) in the boreal forest of Alaska. In July 2007, forest
surveys were conducted along a southenorth transect (150W) to profile the ecotone from boreal forest to tundra in Alaska. In situ
parameters were measured in 29 forests by a combination of the Bitterlich angle-count sampling method and the sampled-tree
measuring method. These in situ values were compared with the backscatter intensity of ALOS/PALSAR. A strong positive
logarithmic correlation was found between the backscatter intensity and the forest AGB, with the correlation being stronger in the
HV than in the HH polarization mode. No obvious saturation was found in the sensitivity of the HV mode backscatter intensity to
the forest AGB up to 120.7Mg ha1. Similarly, a robust sensitivity was found in the HV backscatter intensity to both tree height and
DBH, but weak sensitivity was observed for tree density. The regression curve of HV backscatter intensity to the forest AGB
appeared to be intensified by the uneven forest floor, particularly for forests with small AGB. The geographical distribution of the
forest AGB was mapped, demonstrating a generally south-rich and north-poor forest AGB gradient.
 2013 Elsevier B.V. and NIPR. All rights reserved.
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To better understand the global biogeochemical
cycle, determining spatiotemporal variations in the
carbon stock stored in forest biomass is important.
The 10-year implementation plan (Group on Earth
Observations, 2005) of an international framework, the* Corresponding author. Tel.: þ81 45 778 5541; fax: þ81 45 778
5706.
E-mail address: rikie@jamstec.go.jp (R. Suzuki).
1873-9652/$ - see front matter  2013 Elsevier B.V. and NIPR. All rights
http://dx.doi.org/10.1016/j.polar.2013.03.001Global Earth Observation System of Systems (GEOSS),
stressed that terrestrial biomass is as an essential climate
variable and a basic vegetation parameter of ecosystem
structure and function. Forest biomass in Northern
Hemisphere temperate and boreal forests was estimated
to contain a carbon pool of roughly 61 PgC, according to
an analysis of satellite remote sensing data (Myneni
et al., 2001), indicating that such forests play a major
role in the global carbon cycle.
As summarized by Lu (2006), satellite-borne optical
sensors and microwave radars are invaluable tools forreserved.
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and mapping geographical distributions. Myneni et al.
(2001) estimated the forest AGB in the Northern
Hemisphere using normalized difference vegetation
index (NDVI) data for the 19 years from 1981 to 1999,
derived from observations of Advanced Very High-
Resolution Radiometers (AVHRRs) on NOAA satel-
lites. Chopping et al. (2008) estimated and mapped the
distribution of the woody AGB in southeastern Arizona
and southern New Mexico, USA, based on multi-angle
optical reflectance data observed by the NASA Multi-
angle Imaging Spectro-Radiometer (MISR) onboard
the Terra satellite.
Recently, there has been growing interest in the use
of microwave synthetic aperture radar (SAR) to esti-
mate AGB. SAR transmits a microwave pulse to the
Earth’s surface and receives the backscattered signal
that is determined by the surface and includes infor-
mation regarding the land surface structure such
as forest characteristics (e.g., Ulaby et al., 1986;
Belchansky, 2004). Because microwaves are not
affected by cloud cover, SAR has the advantage of
providing satellite remote sensing in regions of high
cloud cover, such as tropical and boreal zones.
The SAR backscatter is characterized by the
polarized (horizontal or vertical) combinations of the
transmitted and received signals. The “HH” mode in-
dicates the combination of a horizontally (H) polarized
transmitted signal and a horizontally (H) polarized
received signal. Similarly, “HV” stands for the com-
bination of a horizontally polarized (H) transmitted
signal and a vertically polarized (V) received signal.
Generally, the sensitivity of the backscatter intensity to
the biophysical parameters of land surface vegetation
is examined in different combinations of polarized
modes.
Many previous studies have investigated the rela-
tionship between in situ AGB determined by field
measurement and the backscatter intensity observed by
space-borne or airborne SAR. A stronger correlation to
forest AGB has generally been found in HV back-
scatter than HH backscatter, and in relatively long
wavelength microwaves, such as P-band and L-band
SARs (e.g., Le Toan et al., 1992; Paloscia et al., 1999;
Coops, 2002; Watanabe et al., 2006; Englhart et al.,
2011).
A limitation of SAR for estimating the AGB is that
the backscatter intensity becomes saturated when the
AGB (or above-ground vegetation volume) exceeds a
certain critical value, even if HV backscatter intensity
is used. For example, Luckman et al. (1997) reported
that L-band backscatter showed no further sensitivitywhen AGB exceeded 60 Mg ha1 in the Amazon
tropical forest region, in a study using L-band SAR
imagery from the Japanese Earth Resources Satellite
(JERS)-1 and Spaceborne Imaging Radar (SIR)-C.
Wagner et al. (2003) demonstrated that large-scale
mapping of growing stock volume up to about
80 m3 ha1 was possible over boreal forest in central
Siberia, using European Remote Sensing (ERS) satel-
lite 1/2 tandem data and JERS L-band backscatter
intensity (HH). Watanabe et al. (2006) found that the
backscatter intensity in the HV mode became saturated
over 100 Mg ha1 using airborne L-band SAR remote
sensing in a boreal forest in northern Japan. Nizalapur
et al. (2010) showed that AGB prediction was possible
with L-band experimental SAR (ESAR) (airborne)
data for AGB up to 150 Mg ha1 and with P-band data
for up to 200 Mg ha1 in Gujarat, India.
In January 2006, the Japanese Aerospace Explora-
tion Agency (JAXA) launched the Advanced Land
Observing Satellite (ALOS) carrying the Phased Array
L-band SAR (PALSAR) (Rosenqvist et al., 2007).
PALSAR data have been used to identify tree species
in woody plantations in Southeast Asia (Miettinen and
Liew, 2011) and to classify land cover in Borneo for
monitoring deforestation (Yamagata et al., 2010). The
PALSAR orthorectified mosaic product (50-m spatial
resolution) over insular Southeast Asia, and a global
forest/non-forest map, were also used to monitor
changes in carbon quantity originating from forests
(http://www.eorc.jaxa.jp/ALOS/en/index.htm).
Recently, the AGB of cashew plants in Cambodia
was estimated by ALOS/PALSAR and showed a cor-
relation between in situ biomass and the HV back-
scatter intensity which was stronger than the HH mode;
however, the intensity saturated at 100 Mg ha1 of
AGB (Avtar et al., 2012). The present study used
ALOS/PALSAR data to undertake a similar investi-
gation, targeting boreal forest along a southenorth
transect from boreal forest to tundra vegetation in
Alaska. Although previous studies have attempted to
estimate and map boreal forest AGB and other bio-
physical parameters by satellite remote sensing (e.g.,
Fransson et al., 2001; Wagner et al., 2003; Santoro
et al., 2006; Chen et al., 2012), published data
remain insufficient, especially for forests in Alaska.
In particular, few studies have investigated the
sensitivity of the backscatter intensity of ALOS/
PALSAR to the AGB and other biophysical parameters
in Alaska, where black and white spruce forests are
characteristic. Kasischke et al. (2011) investigated the
sensitivity of ALOS/PALSAR for forests in Alaska.
However only the AGB was examined and the forests
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(0.02e22.4 Mg ha1) after recent fire disturbance.
To establish the potential of ALOS/PALSAR data
for the remote sensing of forests, it is important to
examine the sensitivity of the technique targeting
various AGBs of forest and to determine the relation-
ships between biophysical parameters and backscatter
intensity.
Our aim was to determine the relationship between
the backscatter intensity of ALOS/PALSAR and the
forest AGB and other biophysical parameters (tree
height, diameter at breast height (DBH), and tree stand
density), and to evaluate its sensitivity to those
parameters along a forest-tundra transect in Alaska,
accompanied by in situ measurements. Saturation
levels of the backscatter intensity were also examined
in relation to those parameters. Several studies have
reported recent changes in vegetation in Alaska (e.g.,
Stow et al., 2004; Hinzman et al., 2005; Tape et al.,
2006), likely due to climate warming, and thus moni-
toring of forest AGB in Alaska is important from the
viewpoint of global change.
2. Field survey of forests in Alaska
2.1. Bitterlich method of estimating forest parameters
For analysis of the sensitivity of backscatter in-
tensity to forest AGB and other biophysical parame-
ters, in situ information from ground-based surveys is
needed from as many sites as possible. We adopted a
quick measurement method that combined the Bitter-
lich angle-count sampling method and the sampled-
tree measuring method (e.g., Osumi, 1987; Nagumo
and Minowa, 1990) (for simplicity, referred to as the
“Bitterlich method” in this paper). It took approxi-
mately 30 min to measure the forest parameters needed
to calculate the AGB and other parameters for one
forest.
The procedure of the Bitterlich method was as
follows:
(1) A representative point in a target forest was
selected.
(2) The horizontal viewing angle of the tree trunk at
breast height (1.3 m from the ground) was colli-
mated by the relascope (“dendrometer”) from the
representative point, and trees that had a wider
horizontal viewing angle of the trunk than a
threshold angle were sampled. The threshold angle
was defined by the basal area factor (BAF) k
(m2 ha1) that was adjustable by the relascope.Basically, k was adjusted to ensure that the number
of sampled trees was more than 15 prior to
collimating.
(3) The tree height hi (m) and the DBH di (cm) of the
sampled tree i (i ¼ 1,., N, where N is the number
of trees sampled by the relascope from the repre-
sentative point in the forest) were measured.
(4) The above-ground dry-matter weight mi (kg) of
the sampled tree i was calculated based on the
allometry equation of the tree according to the tree
height hi and DBH di.
(5) The cross-sectional area gi (m
2) of a sampled tree
at breast height is pd2i /40,000. Thus, the tree stand
density of the sampled tree in 1 ha corresponds to
k/gi (ha
1). Therefore, the above-ground dry-mat-
ter (biomass) of the sampled tree in 1 ha is mi k/gi
(kg ha1). Total dry matter M (kg ha1) of the
forest per hectare was calculated by accumulating
mi k/gi for all the sampled trees using the following
equation:
M ¼ k
XN
i¼1
mi
gi
: ð1Þ(6) Total tree stand density Td (ha
1) of the forest was
calculated as follows:
Td ¼ k
XN
i¼1
1
gi
: ð2Þ(7) Mean tree height Ha (m) and DBH Da (cm) of the
forest were calculated respectively as
Ha ¼ k
Td
XN
i¼1
hi
gi
ð3Þ
and
Da ¼ k
Td
XN
i¼1
di
gi
: ð4Þ
Pique´ et al. (2011) compared the basal area and tree
stand density as measured by a relascope and by con-
ventional fixed-radius circular plots in simulated for-
ests of northeast Spain. They concluded that the
relascope performed well when estimating basal area
and total density. Although the forest targeted by Pique´
et al. (2011) was a Mediterranean type, we consider the
Bitterlich method using a relascope to be the best way
to rapidly acquire in situ forest biophysical parameters
at many forest sites, for validating satellite data.
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Land cover in Alaska, according to the National
Land Cover Database 2001 (Homer et al., 2007), is
presented in Fig. 1. The extensive zonal region along
65N is covered mainly by boreal evergreen forest
consisting of black spruce (Picea mariana) and white
spruce (Picea glauca), and is bounded to the north by a
region of tundra vegetation (shrub, sedge, and herba-
ceous plants) and to the south by a mountainous re-
gion. The boreal forest in Alaska is distributed over a
relatively high latitudinal zone compared with boreal
forest in Canada (mostly 50Ne60N), and it forms a
forest-tundra ecotone in a relatively short south to
north distance. Because of this short distance, the costs
of both conducting a field survey and purchasing sat-
ellite data are reduced, making Alaska a good site to
investigate the southenorth spatial transition of forest.
A southenorth transect was set along 150W in
Interior Alaska (Viereck et al., 1992) and included a
vegetation transition from boreal forest (south) to
tundra (north) (Fig. 1). The city of Fairbanks is located
in the southern part of the transect, and the Brooks
Range bounds the north side. We conducted forest
surveys along the trans-Alaska pipeline in this transect
from 17 July 2007 to 30 July 2007, using the BitterlichFig. 1. Land cover in Alaska, classified according to the National Land C
measured for forest biophysical parameters (red dots) and the 16 non-forest s
correspond to the site IDs in Tables 1 and 2. The topography, based on GT
Available/GTOPO30), is shown in the left panel.method to measure the forest AGB and other bio-
physical parameters at 29 forest sites, shown in Fig. 1
(left) and described in Table 1. These forest sites
satisfied the following conditions: accessible from the
road, no slope or moderate slope, and wider than
approximately 100 m  100 m. As described in Table
1, the major tree species were black spruce and white
spruce. Paper birch (Betula neoalaskana) occurred in
some forests, but was relatively rare. Most of the black
and white spruce forest was low and sparse as shown
for sites #8 and # 11 in Fig. 2, whereas the paper birch
forests and some white spruce forests had tall trees, as
in sites #3 (white spruce) and #23 (paper birch).
The Bitterlich method was employed at two repre-
sentative points in each forest site; the point values
were then averaged to acquire a more representative
value. Trees above 2 m were sampled by an electronic
relascope (Criterion RD1000, Laser Technology, Inc.,
USA). The number of trees sampled at a point ranged
from 15 to 33, and the mean number of trees among the
29 forest sites was 19.7. The tree height was measured
by a laser range finder (TruPulse 200, Laser Technol-
ogy, Inc.), except for trees shorter than 5 m for which
a leveling rod was used. The DBH was measured
at 1.3 m height using a tape measure. The latitude,
longitude, and elevation of the forest site wereover Database 2001 (right), and the locations of the 29 forest sites
ites (yellow dots) (left). The site numbers (1e29) and symbols (AeP)
OPO30 data (http://eros.usgs.gov/#/Find_Data/Products_and_Data_
Table 1
Location (latitude and longitude) and elevation of the forest sites and the forest above-ground biomass (AGB) (dry matter), tree density, mean tree
height, and mean DBH measured at each forest site. Tree stands over 2 m in height were targeted for measurements at all forest sites.
Site ID# Latitude
(N)
Longitude
(W)
Elevation
(m)
Major species Forest AGB
(Mg ha1)
Tree density
(trees ha1)
Tree
height (m)
DBH
(cm)
1 6759027.800 14945035.300 687 White spruce 4.8 795 5.06 7.62
2 6744007.300 14945019.200 489 White spruce 31.9 740 8.78 11.80
3 6730059.400 14950045.800 431 White spruce 27.5 1228 7.97 9.16
4 6726007.300 15005051.500 381 White spruce 25.4 2063 6.75 8.31
5 6725045.200 15006012.900 374 White spruce 2.2 266 6.31 8.90
6 6725029.900 15006033.700 373 White spruce 20.8 1519 6.65 8.54
7 6715008.300 15011023.800 333 Black & white spruce 5.8 974 5.06 9.12
8 6710059.800 15017047.600 357 Black spruce 22.4 4740 3.56 4.40
9 6710047.700 15018025.000 344 Black spruce 35.0 2960 4.48 5.84
10 6702058.800 15019029.600 485 Black & white spruce 12.3 1475 4.35 6.20
11 6653019.500 15031015.400 341 Black spruce 4.3 1261 2.95 3.77
12 6650019.400 15036011.000 312 White spruce 69.8 916 13.73 14.36
13 6614051.100 15018055.000 513 Black & white spruce 24.8 2561 4.91 7.13
14 6605052.700 15009008.100 236 Black spruce 7.3 3035 2.71 3.02
15 6604049.000 15009055.800 231 Black spruce 12.6 2895 3.63 4.37
16 6601037.200 15007017.200 178 White spruce 116.2 814 16.62 18.04
17 6557018.400 14956017.100 180 Black spruce 81.7 11263 5.93 5.64
18 6550030.400 14938053.500 368 Black spruce 30.8 3848 3.97 6.23
19 6531007.000 14849047.300 266 Black spruce 66.9 7430 5.83 6.23
20 6531005.900 14848032.400 215 Black spruce 36.0 4269 5.58 6.06
21 6529047.300 14841015.100 323 Black spruce 40.1 5342 4.54 5.70
22 6530029.500 14836017.700 178 Black spruce 16.3 1403 5.54 6.64
23 6518042.900 14814001.600 338 Paper birch 100.2 946 e 16.00
24 6517030.800 14810056.500 371 Paper birch & white spruce 92.7 3292 1.89 10.31
25 6509019.700 14752005.500 283 Black spruce 15.3 1546 5.22 6.56
26 6507029.300 14729034.500 202 Black spruce 50.7 6013 5.89 6.49
27 6507030.800 14728022.700 211 Black spruce 6.6 1665 3.23 3.98
28 6507035.200 14728044.300 204 Black spruce 12.7 873 6.79 8.08
29 6451057.500 14751016.900 158 Black spruce 12.8 3432 2.74 3.62
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birch forest at site #23, we could not measure tree
height because we could not see the tree tops through
the dense canopy. In addition to the 29 forest sites, the
latitude and longitude of 16 points (AeP) in an
extensive non-forest (zero forest AGB) area were
measured, as shown in Table 2.
We used allometric equations derived by Yarie et al.
(2007) for the major tree species in Alaska to calculate
the AGB (dry matter) of the sampled trees. The
equations used in the present study are summarized in
Table 3. The AGBs of black spruce and paper birch
trees were calculated by the allometry equation that
was parameterized by DBH only.
At site #8, we measured the DBH and tree height of
every tree (284 tree stands) in the 25 m  25 m fixed
plot (fixed plot method) on 19 July 2007, and the forest
AGB and other biophysical parameters were also
calculated on the every tree basis. The fixed plot
method is generally more time consuming but more
robust than the Bitterlich method. The estimationsproduced by the two methods at site #8 were compared
to determine the certainty of the estimated parameters.
3. Satellite data and method
3.1. ALOS/PALSAR data and preprocessing
First, we prepared 20 scenes of ALOS/PALSAR
Level 1.5 fine-beam double-polarization (FBD) data
(all ascending observations with an off-nadir angle of
34.3) that covered the 45 sites (29 forest sites and 16
non-forest sites) as listed in Table 4. The spatial res-
olution of the image was 20 m  10 m (Rosenqvist
et al., 2007).
The digital number (DN) values of HV (DNHV) and
HH (DNHH) backscatter intensities were converted to a
normalized radar cross section (NRCS), i.e., s0HV and
s0HH, by the following equations, respectively (Shimada
et al., 2009):
s0HV ¼ 10 log10 < DN2HV > 80:2 ð5Þ
Fig. 2. Examples of typical forest landscapes at 4 of the 29 forest sites. The numbers in the pictures correspond to site IDs in Table 1.
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The ensemble average is denoted by <>. The 20
scenes were mosaicked into one continuous image
using the image analysis software “ENVI” (Exelis
Visual Information Solutions, Inc., USA).
We then manually identified the location and the
extent of the 29 forest and 16 non-forest sites on the
PALSAR image by visual interpretation. To avoidTable 2
Location (latitude and longitude) and elevation of the non-forest sites.
Site ID Latitude (N) Longitude (W) Elevation (m)
A 6740010.400 14942053.800 463
B 6732053.700 14950057.200 441
C 6729052.400 14951048.500 406
D 6728051.400 14954014.900 399
E 6728018.500 14956011.000 394
F 6721039.800 15007037.500 363
G 6715034.400 15010023.900 334
H 6714013.500 15013003.300 321
I 6658019.700 15020046.800 420
J 6644031.600 15041059.500 544
K 6637020.300 15041002.400 329
L 6635048.300 15043012.700 482
M 6619052.000 15026003.300 566
N 6619001.700 15024015.400 571
O 6607002.300 15009057.700 182
P 6505059.400 14744045.900 187misallocation, we did not automatically allocate the 45
sites onto the PALSAR image based on their latitude
and longitude. The s0HV and s
0
HH values for these 45
sites were extracted from the image by establishing the
ellipse-shaped region of interest (ROI) that isolates
pixels for the 45 sites, and then by calculating the mean
s0HV and s
0
HH among all the pixels in the ROI using
ENVI. The number of pixels in the ROIs varied from
32 to 180 depending on the extent of forest at the site;
most ROIs had several tens of pixels.
3.2. Definition of saturation
The relationship between s0 and the biophysical
parameters has been regressed by logarithmic functionTable 3
Allometric equations used for the calculation of the tree AGB (dry
matter) (g tree1) by DBH d (cm) and tree height h (m) (after Yarie
et al., 2007).
Species Allometric equation
Black spruce (Picea mariana) 358.352  d þ 158.166  d2
White spruce (Picea glauca) 8628.215  d þ 525.267  d2 þ
6320.941  h
Paper birch (Betula
neoalaskana)
361.738  d2
Aspen (Populus tremuloides) 4445.485  d þ 517.053  d2 þ
1235.768  h
Table 4
ALOS/PALSAR scenes used for the analysis and their acquisition date.
Scene ID Date Month Year
ALPSRP076911290 5 July 2007
ALPSRP076911300 5 July 2007
ALPSRP076911360 5 July 2007
ALPSRP080121310 27 July 2007
ALPSRP080121320 27 July 2007
ALPSRP080121330 27 July 2007
ALPSRP080121340 27 July 2007
ALPSRP081871290 8 August 2007
ALPSRP081871300 8 August 2007
ALPSRP081871310 8 August 2007
ALPSRP081871320 8 August 2007
ALPSRP081871340 8 August 2007
ALPSRP081871350 8 August 2007
ALPSRP081871360 8 August 2007
ALPSRP082601320 13 August 2007
ALPSRP082601330 13 August 2007
ALPSRP084351310 25 August 2007
ALPSRP084351320 25 August 2007
ALPSRP084351340 25 August 2007
ALPSRP084351350 25 August 2007
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determine a regression curve with a logarithmic func-
tion. However, it was difficult to practically determine
the saturation level of the biophysical parameters in
such a logarithmic relationship, where there is no spe-
cific inflection point. Although Watanabe et al. (2006)
used 0.01 dB ha Mg1 from the slope of s0 for forest
AGB as a saturation guideline for the forest AGB, it
appears that quantitative criteria of the saturation level
are rather ambiguous and not well established.
In this study, we adopted the original definitions of
the saturation level of the forest AGB and the other
biophysical parameters. Because the saturation level
should be defined considering the range of each bio-
physical parameter, we defined the saturation level as
the value of a biophysical parameter when the slope of
the logarithmic regression curve decreased to 0.02 dB
against 1% of the range (minimum to maximum) ofTable 5
Comparison of the biophysical parameters estimated by the Bitterlich and fi
percentage of the value estimated by the Bitterlich method to that of the fix
Number of
trees counted
Bitterlich method
46 (total at two Bitterlich points; >2 m)
Forest AGB
(Mg ha1)
22.4
DBH (cm) 4.40
Height (m) 3.56
Tree density
(ha1)
4740the biophysical parameter obtained by the field survey.
For convenience, these criteria were intuitively
selected according to a visual interpretation of the
regression curve and the resultant saturation level of
the forest AGB was comparable with those reported
previously.
4. Results
4.1. In situ forest AGB and other biophysical
parameters
Table 1 shows the forest AGB, tree density, mean
tree height, and mean DBH for the 29 forests, as
estimated by the Bitterlich method. The forest with the
smallest AGB, and also the smallest density, was site
#5 (2.2 Mg ha1, 266 trees ha1). A forest with such
small AGB was generally characterized by very sparse
black or white spruce trees with most trees being less
than 10 m tall. In contrast, the largest forest AGB was
116.2 Mg ha1 at site #16. Here the forest was
composed of white spruce trees with the highest mean
tree height (16.6 m) of all 29 forests (excluding #23 for
which no tree height measurement was made); the tree
density was relatively small (814 trees ha1). Although
site #17 had the densest forest (11,263 trees ha1), the
forest AGB was not very large (81.7 Mg ha1) because
the mean tree height was low (5.9 m). Generally, for-
ests with low biomass were young and appeared to
have experienced recent forest fire activity.
At site #8, we compared the biophysical parameters
estimated by two methods, the Bitterlich method and
the fixed plot (25 m  25 m, 284 trees) method, as
summarized in Table 5. The estimation by the Bitter-
lich method was slightly larger (104e122%) than
those made by the fixed plot method. We considered
that the differences between the two methods were not
significant and the results suggest the Bitterlich
method has a comparable accuracy to the fixed plot
method.xed plot methods at the black spruce forest of site #8. “Ratio” is the
ed plot method.
Fixed plot method Ratio (%)
284 (>2 m) in 25 m  25 m plot e
18.4 122
3.86 114
3.21 111
4544 104
Table 6
Coefficients of the regression curve of s0 ¼ a log x  b and co-
efficients of determination (R2), where x is the forest AGB (dry matter)
(Mg ha1), tree density (ha1), mean tree height (m), and mean DBH
(cm) of boreal forest in Alaska.
Parameter HV: s0HV ¼ a log x  b HH: s0HH ¼ a log x  b
a b R2 a b R2
Forest AGB 2.077 23.44 0.76 1.301 14.17 0.64
Tree density 0.878 23.92 0.56 0.482 14.06 0.16
Tree height 2.265 19.98 0.80 1.635 12.13 0.76
DBH 2.692 21.18 0.86 1.664 12.68 0.74
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biophysical parameters
Fig. 3 presents scatter diagrams that demonstrate
the relationships between the in situ forest AGB and
s0HV and s
0
HH. The logarithmic regression curve is
denoted in the graph. Because the in situ forest AGB
values are concentrated in a small size range (38
plotted points range from 0 to 40 Mg ha1, as seen in
Fig. 3), an erroneously skewed regression curve
possibly results. Therefore, the regression was calcu-
lated based on the mean s0 for the 12 forest AGB
classes of 5 Mg ha1, denoted by open squares in
Fig. 3. In both polarization modes, s0 increases with
an increase in forest AGB, and the correlation with
s0HV (R
2 ¼ 0.76) is stronger than with s0HH (R2 ¼ 0.64).
Table 6 summarizes the coefficients of the regression
curves for AGB and the other biophysical parameters
that were calculated using a similar method to that
used for the AGB.
The saturation level of the forest AGB was calcu-
lated according to the aforementioned definition. The
AGBs acquired by the field survey ranged from 0.0 to
116.2 Mg ha1. The saturation AGBs for s0HV and s
0
HH
were 120.7 Mg ha1 and 75.6 Mg ha1, respectively,
when the slope of the regression curves was equal
to 0.02 dB per 1.162 Mg ha1 (i.e., 1% of
116.2 Mg ha1). This demonstrates that the saturation
level of s0HV is much greater than that of s
0
HH for the
forest AGB, indicating a higher sensitivity of s0HV than
of s0HH. It can also be concluded that s
0
HV has no
saturation level in the AGB range of the forests tar-
geted by the present study, and s0HV has a sufficientFig. 3. The relationship between the in situ forest AGB and s0HV (left) and s
45 sites. Open squares denote the mean s0 value for each forest AGB class
“n” denotes the number of mean values of the forest AGB classes (i.e., thesensitivity, if we employ the definition of the saturation
level mentioned before.
Saturation levels for the other biophysical parame-
ters were estimated using similar criteria (0.02 dB
sensitivity for 1% of the range of the biophysical
parameter obtained by the field survey) and are sum-
marized in Table 7.
The relationship between the in situ tree density and
s0 is shown in Fig. 4. A logarithmic regression was
calculated for the mean s0 for 12 density classes of
1000 trees ha1. The correlations were weak, as indi-
cated by the small coefficients of determination (R2) of
0.56 and 0.16 for s0HV and s
0
HH, respectively. Saturation
occurred at 4944 trees ha1 and 2714 trees ha1 for
s0HV than s
0
HH, respectively, which was not sensitive
enough for the total range of tree density (0e11,263
trees ha1)
Fig. 5 displays a scatter diagram of the relationship
between in situ tree height and s0. A regression was
calculated for the mean s0 for 12 tree height classes of
1.5 m. A strong relationship was evident, with s00
HH (right) of ALOS/PALSAR. Dots denote the original values of the
(5 Mg ha1 interval) that was used to calculate the regression curve.
number of open squares) for the regression calculation.
Table 7
Values of the biophysical parameters when the backscatter intensity s0
was saturated. “Range” is the range (minimum to maximum) of bio-
physical values that were acquired by the field survey.
Parameter Range Value at s0 saturation
HV HH
Forest AGB (Mg ha1) 0e116.2 120.7 75.6
Tree density (ha1) 0e11263 4944 2714
Tree height (m) 0e16.62 18.82 13.59
DBH (cm) 0e18.04 24.28 15.01
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and s0HH. However, the relationship of s
0
HH (R
2 ¼ 0.76)
was weaker than that for s0HV (R
2 ¼ 0.80). Saturation
occurred at 18.82 m for s0HV and 13.59 m for s
0
HH,
indicating that s0HV maintains a sufficient sensitivity for
the range of tree heights (0e16.62 m).
Fig. 6 shows a scatter diagram of the relationship
between in situDBH and s0. The logarithmic regression
was calculated for the mean s0 for 10 DBH classes of
2 cm. Both s0HV and s
0
HH gradually increased with an
increase in DBH, and the strongest correlation was
found for s0HV and DBH (R
2 ¼ 0.86) among all the re-
gressions. Saturation occurred at 24.28 cm for s0HV and
15.01 cm for s0HH, indicating that s
0
HV maintains a suf-
ficient sensitivity for the range of DBH (0e18.04 cm).
4.3. Mapping forest AGB by ALOS/PALSAR
The strong correlation between the in situ forest
AGB and s0HV of ALOS/PALSAR (Fig. 3) allows
for robust estimation of the forest AGB of the
relatively sparse Alaskan boreal forest and forFig. 4. The relationship between the in situ forest tree density and s0HV
values of the 45 sites. Open squares denote the mean s0 value for each
regression curve. “n” is the number of mean values of the tree dens
calculation.mapping of its geographic distribution. In this section,
we describe the mapping of forest AGB, which was the
main forest biophysical parameter targeted in this
study.
Fig. 7 shows the forest AGB distribution that was
estimated from the mosaicked image of the 20 ALOS/
PALSAR scenes. The map was constructed by the
following processes using ENVI.
(1) The original s0HV was spatially smoothed using a
Gaussian low-pass filter (kernel size was 7  7) to
reduce the speckle noise,
(2) The smoothed s0HV was converted to forest AGB
(Mg ha1) using the following equation:
forest AGB ¼ exps0HV þ 23:44

2:077

: ð7Þ
This is the inverse of the regression function of s0HV
to the in situ forest AGB indicated in Table 6.
(3) The original 20 m  10 m resolution image of the
forest AGB was resampled to a 100 m resolution
for easy construction of the map in Fig. 7.
(4) The forest AGB in the southenorth profile, shown
in Fig. 7, was derived by first averaging s0HV
(spatially smoothed and resampled to 100 m res-
olution) in 0.07 latitudinal (zonal) intervals, then
converting the mean s0HV of each interval to the
forest AGB according to equation (7).
Generally, there was a south-to-north gradient of
forest AGB that reflected the vegetation biomass
gradient from the southern forest-rich zone (about(left) and s0HH (right) of ALOS/PALSAR. Dots denote the original
density class (1000 ha1 interval) that was used to calculate the
ity classes (i.e., the number of open squares) for the regression
Fig. 5. The relationship between the in situ mean tree height and s0HV (left) and s
0
HH (right) of ALOS/PALSAR. Dots denote the original values of
the 45 sites. Open squares denote the mean s0 value for each height class (1.5 m interval) that was used to calculate the regression curve. “n” is the
number of mean values of the height classes (i.e., the number of open squares) used for the regression calculation.
109R. Suzuki et al. / Polar Science 7 (2013) 100e11240 Mg ha1) to the northern forest-poor zone (about
5 Mg ha1). The local forest AGB in some southern
areas exceeded 100 Mg ha1. Low forest AGB regions
were found from 66.5N to 67N, which corresponds
to the mountainous region where the alpine tundra
prevails. It should be noted that this forest AGB map
includes error caused by foreshortening, especially in
the northern mountainous regions as discussed in the
next section.
5. Discussion and conclusion
This study found a strong correlation between the
s0HV of ALOS/PALSAR and the AGB of boreal forests
in Alaska. The HV mode, s0HV, had a strongerFig. 6. The relationship between the in situ mean DBH and s0HV (left) and s
45 sites. Open squares denote the mean s0 value for each DBH class (2 cm
number of mean values of the DBH classes (i.e., the number of open squacorrelation and higher saturation level (120.7 Mg ha1)
than the HH mode, s0HH (75.6 Mg ha
1), which agrees
with previous studies (e.g., Watanabe et al., 2006;
Avtar et al., 2012).
Similarly, there were strong correlations of s0HV
with the tree height and DBH, and the saturation levels
were 18.82 m and 24.28 cm, respectively, which
maintained the sensitivity for the maximum tree height
and DBH observed by the field survey. This implies the
usefulness of s0HV for estimating both biophysical
parameters. However the correlation of s0HV with
tree density was weak. Similar features were noted
by Avtar et al. (2012) in their investigation of the
sensitivity of ALOS/PALSAR s0HV in cashew plants in
Cambodia. Because the backscatter of SAR is0
HH (right) of ALOS/PALSAR. Dots denote the original values of the
interval) that was used to calculate the regression curve. “n” is the
res) used for the regression calculation.
Fig. 7. Forest AGB (dried matter) distribution estimated by ALOS/PALSAR backscatter intensity (HV) in the summer of 2007 along the Trans-
Alaska Pipeline (left). Regions with a forest AGB more than 160 Mg ha1 are colored in white. The latitudinal profile of forest AGB according to
the AGB distribution (right).
110 R. Suzuki et al. / Polar Science 7 (2013) 100e112primarily dependent on the forest volume, it appears
that the sensitivity to tree density, which is almost
independent of forest volume in the case of Alaskan
forests, is weak.
The coefficients a and b of the regression equation
s0HV ¼ a log x  b (where x is the forest AGB) in the
present study were 2.077 and 23.44, respectively (Table
6). These values are smaller than those estimated for
cashew plants in Cambodia (i.e., 3.094 and 26.97,
respectively) from the dry season ALOS/PALSAR
image on 5 December 2010 (Avtar et al., 2012; with
personal communication). Although cashew plants and
Alaskan boreal forest differ in structure, the land
surface micro-topography (roughness) of the forest floor
may be a main cause of the differences in the co-
efficients. The 29 forests targeted by the present study
were all natural forests that typically had uneven ground
surface caused by tussocks, characterized as gravelground surfaces with cotton grass cover. By contrast, the
floors of cashew plantations are probably relatively
smooth as a result of human management. An uneven
forest floor would intensify the backscatter of SAR
compared to a smooth forest floor andmight increase the
s0HV, especially for small forest AGB values. When s
0
HV
was regressed at 1 Mg ha1 (small forest AGB) in
the present study, the value of 23.44 dB was consid-
erably larger than the value of 26.97 dB recorded by
Avtar et al. (2012). In contrast, when s0HV was regressed
at 100 Mg ha1 (large forest AGB) in the present
study, our values and those of Avtar et al. (2012) were
similar, 13.88 dB and 12.72 dB, respectively.
In addition to the forest floor micro-topography,
other factors that can influence the s0 and forest
AGB relationship include the forest structure, floor
vegetation type, and soil moisture (e.g., Santoro et al.,
2006; Kasischke et al., 2011). Examination of the
111R. Suzuki et al. / Polar Science 7 (2013) 100e112influence of these other factors on the s0 and forest
AGB relationship is an interesting topic for future work
regarding SAR remote sensing for vegetation bio-
physical parameters.
The map of forest AGB shown in Fig. 7 basically
presents the geographical distribution of the forest
AGB, but contains some erroneous estimation due to
slope effects (“foreshortening”) (e.g. Shimada, 2010),
especially in mountainous regions. When a position on
the slant range of SAR is projected to the geographical
position on the ground range, such error is inevitable
because the topography is not considered during the
projecting process. The positions of mountain tops and
ridges are geometrically deformed and the backscatter
intensity is radiometrically overvalued or undervalued,
especially on steep slopes. Slope correction is a chal-
lenging task for more accurate biomass mapping in
Alaska.
Finally, we suggest thatmaps of forest AGB and other
forest biophysical parameters can be useful for forcing
and validating ecosystem and dynamic vegetation
models, as attempted by Le Toan et al. (2004). Such
maps can also help to quantify the geographical distri-
bution of carbon stock in the global biogeochemical
cycle.
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